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Abstract 
A recurring topic in discussions on the implementation of carbon capture and storage are the uncertainties in the estimations of 
the storage potential. Many regions worldwide and also in Europe are indeed insufficiently explored for providing estimates that 
are sufficiently reliable for such purposes. In this paper we present a method through which reliable and quantitative estimates 
can be obtained for very poorly explored regions. This new approach is based on well-proven economic principles and expert 
input, which are combined with a semi-generic storage model. Evaluation of the Belgian storage potential results in an estimation 
of 15Mt/y (95% C.I.: 3 to 35Mt/y) when expressed as an annual injection rate, or 620Mt (95% C.I.: 150 to 1400Mt) when 
expressed as the total storage capacity. This estimation is that of the actual, practical storage potential, rather than a theoretical 
overestimation which is obtained by other methods. The reliability of the method is theoretically and empirically verified.  
© 2010 Elsevier Ltd. All rights reserved 
CO2 geological storage; storage capacity; quantitative estimation; uncertainty; Belgium. 
1. Introduction 
Early research projects on the evaluation of the geological storage capacity for CO2, such Gestco [1], focused on 
regional and European storage potential. The comforting conclusion of these studies was that sufficient potential is 
available near most industrial areas. The important difference between potential and actual storage capacity was 
only later recognized by the CCS community as a critical issue and continues to be a matter of concern. The 
estimates from the GeoCapacity project for example [2], are being cited regularly in European policy documents. 
Too often only little attention is paid to the background and quality of this data, which strongly varies between 
different countries and consists for several of them of not up-to-date estimates from early studies.  
The difference between potential and actual data is common to a range of geological resources, and a suited way 
to express this in a qualitative way is with a techno-economic resource pyramid. Bachu et al. [3] applied the pyramid 
scheme to CO2 storage reservoirs, providing a visual presentation of how the actual or matched capacity (top of the 
pyramid) is likely to be only a part of the potential or theoretical capacity (base of the pyramid, estimates most 
commonly obtained in regional evaluations). This classification can be intuitively grasped also by non-experts, and 
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can therefore be used for tagging estimates with ‘theoretical’, ‘effective’, ‘practical’ and ‘matched’ capacity. Other 
classification systems, such as the UNFC-2009 [4], have the same objective.  
A better understanding of the significance of different estimates, however helpful, does not replace the need for 
true quantitative estimates. This is especially noticeable in countries with a poorly explored subsurface, where the 
evaluation of CCS as a viable policy option is hindered by the absence of reliable storage estimates. Belgium is one 
example of a country with a very significant capture potential, but little information on its deep subsurface. It is 
therefore still a matter of discussion whether CCS should be embraced, and if so, what storage potential will be 
found following costly exploration or to what degree industry will become dependent of trans-border CCS chains.  
It is against this background that a new estimation technique has been developed in Belgium that allows to make 
reliable quantitative estimates based on an absolute minimum of data. This technique is now mature. Deploying it in 
other regions could significantly enhance the European and world-wide estimates of the practical total CO2 storage 
capacity.  
2. Methodology 
A key element in this evaluation is the Real Options theory. This is an economic technique that has played a 
central role in the evaluation of geological assets during the past decades, and was actually first applied for bidding 
for US oil licenses in the 1970’ies. Its power lies in the ability to handle very large uncertainties, including those 
resulting from geological assessments.  
Still it remains a calculation method and relies as such on quantitative data and the natural variability of a 
geological system should be reflected by the uncertainty ranges of the input parameters. This requires detailed 
information that is evidently not available in poorly explored regions. 
The solution proposed in this paper relies on simplifying the Real Options model for CO2-storage sites to a semi-
generic level. This not only makes it easier to formulate adequate input data, but also increases the robustness of the 
calculation scheme. The gaps in input data is completed with expert input following a strict scheme that minimizes 
the influence of the errors most commonly identified by studies in experimental psychology [5].  
The discussion below will detail the economic calculation scheme and the methodology of obtaining the data 
from the experts. These are however only techniques to ameliorate the result of a geological appraisal that remains 
fundamentally based on geological and geotechnical input.  
2.1. Step 1: Qualitative assessment 
An essential basis for any evaluation is an up-to-date, objective and proper referenced overview of the different 
storage options in the region under consideration. This should cover a description of the geological setting, 
distribution and architecture of the potential host and sealing formations, an overview of the relevant properties of 
these rocks (permeability, porosity etc) in as far as these have been determined, and results of potential reservoir 
modelling or tests. For many regions compilation may already exist, but they likely need to be revised for the 
purpose at hand. Special attention should be paid to completeness.  
Potential storage sites should not be excluded because they are poorly known or even when they are regarded as 
clearly less promising than other reservoirs. Also the reservoir type should not be used as an excluding element, and 
alternative storage opportunities such as those in coal or basalt should be included in the portfolio of options to 
evaluate if they are present. It is better to let the evaluation scheme objectively rule out uninteresting reservoirs to 
double check general expectations. More important is that the argumentation, on which reservoirs would a priori be 
excluded, would become a common basis for the experts for which the reservoir overview will serve as a starting 
document. This increases the probability of scenario thinking (which means that the context in which the reservoirs 
are discussed influences the evaluation of the individual reservoirs), collective learning (the opinions of some are 
followed, regardless of whether these are correct) and anchoring (using a initial value for the estimation, but being 
insufficiently able to deviate from it when taking into account specific factors), all which may lead to biased 
opinions [5].  
For the same reasons, the discussion of the storage options should not include non-technical elements. Items such 
as population density, conflicts of use, location compared to sources, political concerns etcetera, should not be taken 
into account at this stage. In fact, such parameters determine only what part of the practical capacity can be 
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considered as matched capacity. They will therefore only come into play during in depth interpretation of the 
outcome of the current procedure.  
2.2. Step 2: Expert input 
In order to ascertain that the experts agree with the proposed overview of the geological storage opportunities, the 
document needs to be distributed to collect feedback on an individual basis. This strategy also assures that the 
document is complete regarding the potential reservoirs, and the references and data included.  
The experts are then asked, again in an individual way, to describe the reservoirs for three different parameters 
that describe a reservoir in the semi-generic real options model based on seal adequacy, injectivity and total size (see 
model outline for details). The common overview document ascertains that they have ready access to all relevant 
and available data. It his however their actual expertise, experience, and potentially access to non-public data that 
will determine their personal estimates of the reservoirs properties.  
It is in this context important that experts should be well chosen. Their profile should as much as possible 
approach that of reservoir geologists with an excellent regional geological knowledge. They should be familiar with 
the properties and context of the reservoirs they evaluate, as well as with the particularities of storing CO2 in such 
reservoirs. In our study, experts were free to evaluate only those reservoirs with which they considered themselves 
sufficiently familiar.  
A particular problem is that the experts with most relevant expertise in general also bear a positive attitude 
towards CO2 geological storage. This may result on average in optimistic estimates. Where possible, it is clear that 
more critical experts should be included in the group. However, this is a particular issue to which experimental 
psychological tests have paid little attention. The optimal balance of both expert types in a group therefore remains a 
matter of debate.  
It is however possible to identify systematically optimistic and pessimistic estimates of certain experts by 
analyzing the results. More insights can be obtained through confrontation in a discussion of all experts. It should 
however not be the intention to simply mitigate the most extreme views or reach some kind of a consensus. It has 
been shown repeatedly that ‘democratic’ discussions do not necessarily lead to more correct results (collective 
learning [5]). Even if the discussion is only used for a qualitative evaluation, it is likely that it will impair the results 
of similar exercises if they are repeated in the future when updating storage estimates. Following these 
considerations, the expert consultation organised for Belgium relies entirely on individual answers from experts.  
2.3. Step 3: Real Options assessment 
The fundamental principles of real option analysis are simple and do not require advanced knowledge of 
economics and investment strategies. It is basically a technique to estimate the economic value of a series of future 
investment decisions. It does this by discounting the future investments towards a present value, an approach shared 
by many economic evaluations, which simply allows comparing their economic value to other investment options. 
The uncertainty which is intrinsic to future projections, is included by making the relevant parameters stochastic. 
The most transparent and flexible way of doing this is by using Monte-Carlo techniques, which means that a model 
is repeatedly calculated, each time varying parameters randomly within a probability range. The variance of the 
results will show the influence of the uncertainty on the input parameters.  
Fundamental to a real options assessment is that also project decisions are embedded in the calculation scheme in 
such a way that real option models produce more realistic outcomes than e.g. standard net present value evaluations. 
This can be easily illustrated with the bidding process for a geological asset, such as an exploitation license for a 
mine or hydrocarbon field. The existing results of the exploration will be made available to the potential buyers, and 
they can evaluate from these the probability that the concession will be profitable. In a standard evaluation, the 
potential profits and losses are calculated directly from these probabilities, assuming intrinsically e.g. that a mine 
will be developed and remain in operation even if further exploration proves that it can only be operated at a loss. 
This leads to a significant overestimation of the risk on losses. In order to overcome this very conservative approach, 
real options schemes include at least one phase of exploration. It is assumed that after the exploration the current 
uncertainty is completely resolved. If it is unfavourable to develop the concession, then only the (very limited) 
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exploration costs are considered as losses. Such a very simply scheme will also be used in the model for exploring 
and developing CO2 geological reservoirs.  
3. Data 
In Belgium 13 reservoirs were identified and assessed by experts, and are discussed in detail in Welkenhuysen et 
al. (this volume). The reservoir types covered are deep saline sandstone aquifers (Buntsandstein and Neeroeteren 
Formations), carbonate aquifers (Houtem-Maasticht calcarenite reservoirs; two Dinantian reservoirs; two Devonian 
reservoirs), virginal coal reservoirs (two coal basins) and coal mines (two groups of coal mines). The Dinantian 
reservoirs are locally karstified, while in other parts secondary porosity due to dolomitisation probably dominates 
the reservoir properties. Both processes result in quite different reservoirs and the same reservoir rocks were 
therefore assessed under both hypotheses. Oil or gas reservoirs or rocks potentially suited for in-situ geological 
mineralisation are not present in Belgium.  
Quantitative data on rocks at depths suited for geological storage of CO2 are scarce. Permeability and porosity 
values of aquifers and their capping formations are often based on data from more shallow areas at some distance 
from the potential storage sites. The geometry of potential trapping structures is known mainly from a limited 
number of drillings and 2D seismic lines, and therefore at best tentative. There are no pilot tests relevant for the 
storage of CO2, but some relevant reservoir data is available from the Dinantian where a site is exploited for the 
seasonal storage of natural gas.  
Coal sequences are much better known, especially where they have been mined or explored. For these reservoirs 
it is the technical uncertainty that is dominant, as it is currently uncertain how and with which degree of success CO2 
can be stored in coal sequences. Coal mines face particular challenges regarding sealing of subsidence related faults 
and the relatively small size of these reservoirs.  
4. Model outline 
A CO2 geological reservoir of any type is simplified to a semi-generic model that evaluates a reservoir based on 
three fundamental parameters. The power of this model lies in the fact that it is geotechnically and economically 
realistic, and can be applied to a very wide range of different reservoir types and different degrees of knowledge.  
The first parameter is the ‘intrinsic suitability’ or also ‘confinement’ of a reservoir. This is defined as the ability 
of a reservoir to safely store CO2 over a long period of time. For an aquifer this is essentially an evaluation of the 
sealing properties of its cap rock. For other reservoir types, such as coal sequences, reservoir containment will 
depend on the configuration of the repetition of layers with specific properties, including adsorption potential. 
Confinement can either be described as intrinsically suited (storage potentially possible), or not intrinsically suited 
(reservoir unsuited, storage excluded). It is in the model therefore regarded as a binomial parameter. With the 
current state of knowledge, the experts will not be able to define confinement with absolute certainty. Instead, they 
will attribute a probability to whether a reservoir is (or is not) intrinsically suited.  
The second parameter is called ‘injectivity’, which is the average rate at which CO2 can be injected into a 
reservoir. This of course depends on the configuration of the injection site, and some guidance must therefore be 
provided to the experts to guarantee that the estimates that are provided are in agreement with the investment and 
operational costs that are assumed in the economic model. Also here a significant uncertainty will exist on the 
expected injection rate. Opposed to confinement, injectivity is a continuous parameter. The uncertainty therefore has 
to be described as a continuous probability distribution. Rather than going for a parameterised description (e.g. 
average and variance), the experts are allowed to define a user defined probability distribution between a minimal 
and maximal value. This allows defining skewed or even bimodal distributions.  
The third parameter is the total capacity of a reservoir. In combination with injectivity, this allows to calculate the 
lifetime of the reservoir. In the model this is used for determining the discount time of the initial investments, but in 
order to stay within economically realistic constraints, a maximum discount time is set. The total capacity is also a 
continuous parameter and is defined similar to injectivity.  
Note that both capacity estimates are only determined by the storage potential of the reservoir rock, and are not 
influenced by the sealing potential of the cap rock. An extensive aquifer with good permeability will for example be 
evaluated as a having a very large storage potential, whether or not a good cap rock is present. The properties of the 
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cap rock are only reflected in the evaluation of confinement (an unsuited cap rock will result in very low 
probabilities of intrinsic reservoir suitability). It is important to keep these fundamental aspects clearly separated 
during the expert evaluation, not just for clarity, but to avoid misjudgement due to the so called ‘conjunction fallacy’ 
(when a combination of unrelated probabilities is evaluated, such as adequacy of a reservoir rock and its seal, 
probabilities on success are misjudged; [5]).  
Based on these parameters and their uncertainty ranges, the average economic value the reservoir is calculated 
together with the probability that further exploration will identify it as an economically viable reservoir. Unlike in 
pure economic simulations, the goal is not to determine the amount of profit that can be made by investing in the 
reservoirs. Instead our prime interest is the amount of CO2 that will be stored if it turns out to be economic, and the 
economic figures are therefore directly converted into the practical storage potential of a reservoir.  
The model also uses a fourth probability parameter, which is not evaluated by experts. The first decision that is 
taken in the model is whether or not a reservoir will be explored. This is based on the observation that exploration 
activities are in general low when the price of a particular geological commodity is low, and vice versa. The 
probability that a reservoir will be explored will therefore increase with the price of CO2, and it is only at high prices 
that all potential reservoirs will be explored.  
5. Expert data 
Four experts provided their input in 2008. This number of participants is at the lower limit for obtaining a correct 
average view, but in certain regions the number of experts is actually very limited. In those cases the correct 
selection of experts becomes essential. In our situation, the experts came from three different research institutes and 
had each a sufficiently different background to avoid duplication of estimates (based on locally developed views). 
Researchers involved in the development of the model or the interpretation of the results were excluded from 
participation to maintain a maximal degree of objectivity.  
When expert judgements were clearly opposed, the experts were individually contacted to verify that no errors 
had been made and that the assumptions for the potential storage sites had been correctly interpreted. During this 
communication no insight was given into the assessments of the other experts in order to rule out reciprocal 
corrections. Also after this verification, some of the individual assessments remained outside of each other’s 
uncertainty ranges. This may reflect fundamentally different views on some reservoirs, sometimes reflected in the 
accompanying notes, but may also be partly due to overconfidence of the estimates. It is indeed common that 
experts (and people in general) tend to be ‘overconfident’ towards their ability to provide accurate estimates, which 
results in too small confidence intervals [5]. This however does not mean that the averages that are provided are 
incorrect or biased.  
Combining views of the different experts is very straightforward. For the containment it comes down to 
averaging the probabilities that are provided by the different experts into one number. The same is being done for 
the probability distributions of injectivity and total capacity, which are also averaged into a combined probability 
distribution. By doing so, the view of each expert is attributed the same weight. The uncertainty range for injectivity 
and total capacity become larger, commonly spanning several orders of magnitude, and often shows multiple local 
maxima. This however does not hinder further evaluation.  
6. Parameterised model 
Although the model is relatively simple and straightforward, still around 10 additional cost and return rates form 
the basis of around 40 essential model parameters. Together these are needed for an economically coherent 
description of exploration and potential exploitation. These can be summarized to an exploration time of 3.3 years, a 
risk free rate of 5%, a required rate of return of 10%, a total exploration cost of 5M€, an investment cost of 20M€, 
and a total operational cost of 1.5M€ per year. Potential storage projects will be economically viable when the ETS 
price of CO2 is sufficiently high. The price of CO2, excluding the capture and transport cost, is therefore an essential 
variable in the model and is allowed to range from 0 to 30. The probability that a reservoir is explored increases 
linearly from 0 at 0€/t to 100% at 15€/t. 
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7. Results for the whole of Belgium 
The practical capacity estimates obtained by the model can be expressed per reservoir or for a whole region, and 
we will start here by discussing the results for Belgium as a whole. The price of CO2 that is assumed to be available 
for geological storage is a determining factor. This is evident from figure 1 that shows the probability that 
exploration in Belgium leads to at least one economically viable reservoir. This increases quickly and approaches 
100% above prices of 10€/t, even if at present no reservoirs have with certainty been identified. A cost of 10€/t for 
geolgocial storage only is high. A price of 5€/t corresponds to a much lower probability of 75%.  
Also the practical storage capacity increases with the price for storage. Figure 2 shows the yearly and total 
practical storage capacity of Belgium assuming a storage cost of 10€/t. On average it will be possible to store yearly 
around 10Mt of CO2 in the Belgian subsurface, which corresponds to a total storage capacity of 430Mt. The 
uncertainty range is quite large. The 95% confidence intervals for the annual and total capacity are respectively 1 to 
30Mt/y and 45 to 1100Mt. When the price is increased to 15€/t, the average capacities increase to 15Mt on an 
annual basis (95% C.I.: 3 to 35Mt/y), or 620Mt in total (95% C.I.: 150 to 1400Mt). Increasing the price further will 
not increase the capacities, which means that the physical storage limits are met. Assuming a lower and possibly 
more realistic storage price of 5€/t lowers the average capacities to 5Mt/y and 225Mt. 
Before these new estimates were known, the storage potential of Belgium was estimated by national experts at 
around 1Gt [5]. In view of the degree of knowledge of the reservoirs, this estimate should be considered as a mostly 
theoretical capacity. As can be expected, the estimated practical capacity is considerably lower, although still well in 
range of the confidence interval.  
 
Figure 1: The probability that exploration for CO2 reservoirs is 
successful in identifying economic reservoirs depends on the price at 
which CO2 will be stored.  
Figure 2: Estimates of the storage capacity of Belgium expressed as 
yearly injection rate and total capacity. A storage cost of 10€/t is 
assumed. 
8. Results of individual reservoirs: from practical to matched capacity 
The results for the individual reservoirs can be expressed in comparable formats as those for the grant total of 
Belgium. A marked difference is that the probability on economic development will not approach 100%, but instead 
is asymptotic to the geological probability of confinement of the reservoir. This makes sense since small and poorly 
permeable reservoirs may be economic if the price of CO2 is sufficiently high. The intrinsic suitability on the other 
hand is independent of the price of CO2: if there is no seal, there is no reservoir.  
The quantitative data for individual reservoirs can be evaluated manually, but the large uncertainty ranges may 
make it difficult to draw intuitive conclusions and also the difference between practical and matched capacity is 
important. To demonstrate the value of the obtained results, they were therefore fed into the techno-economic 
simulator PSS II [6]. PSS II simulates the implementation of the full CCS chain (including pipeline routes) over 
time, and mimics future uncertainties using nested Monte-Carlo loops for economic and geotechnical uncertainties. 
It was set up to determine the matched capacities of the reservoirs using a simplified scenario which assumed a 
constant ETS price of CO2 of 80€/t and no export options for CO2. In this scenario the use of domestic reservoirs is 
strongly promoted.  
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The matched capacities are determined from the frequency with which reservoirs are selected and the amount of 
CO2 that is transported to and injected in the reservoirs. These results will be discussed in detail in Welkenhuysen & 
Piessens (in prep), and the discussion is limited here to highlighting the most promising areas in Belgium. This is 
done by contouring the potential reservoir rocks and assigning them a color proportional to the likeliness that they 
will be integrated in a CCS project (fig. 3). The probability is proportionally increased when two or more reservoir 
rocks are superposed.  
This exercise highlights an area in the NE part of Belgium that corresponds to the only active exploration 
concession in Belgium for storage of natural gas and CO2. The fact that the objective evaluation of individual 
reservoir opportunities leads to the same conclusions as that of an ad-hoc exploration campaign, is a clear 
confirmation that the methodology presented here is reliable.  
 
Figure 3: The geological map of Belgium overlain with the outline of the potential reservoirs that can potentially be used for carbon geological 
storage. The blue to red colours indicate the probability that the reservoirs will prove to be economic. Probabilities are proportionally increased 
when reservoirs are superposed. See [5] for details on the reservoirs.  
9. Discussion 
The model presented here is highly innovative and unique in its ability to produce quantitative estimates. Its 
reliability can therefore not be verified by direct comparison of its results to that of other, well accepted methods. 
Nevertheless, a few strong practical confirmations of its correctness have been found in support of its sound 
theoretical basis.   
The model itself is based on proven economic principles that have been adapted in a straightforward way to 
obtain capacity estimates of potential CO2 storage reservoirs. The real options model is build around a semi-generic 
concept that can be applied to virtually every type of reservoir.  
A critical point is the compensation of the lack of actual data by expert input. There is significant evidence from 
experimental psychology that shows that complex situations and parameters can correctly and reliably be evaluated 
by experts. However, the expert input needs to be correctly collected. In the approach outlined in this paper, care has 
been taken to minimize all common errors that may bias the estimates of experts. One issue that could not with 
certainty be resolved is overconfidence. It is therefore possible that the uncertainty ranges of the estimates are 
insufficiently conservative, but this will rarely be perceived as a problem since these are already large.  
The very large uncertainty ranges may hinder the evaluation. They are however real and actually emphasize the 
need for further exploration (in the case of aquifer like reservoirs) or resolving technical uncertainties through R&D 
(in the case of alternative reservoirs such as coal or basalt). The quantification is nevertheless an important advance 
and allows evaluations that were previously impossible. In this paper this was demonstrated by calculating the 
matched capacity of the reservoirs with use of a techno-economic simulator. The results of this exercise were 
translated into a ranking of the potential reservoirs that highlights in an objective way the most promising areas. 
These results confirm that the area of Belgium that is currently under exploration is the most promising one. This is 
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an important practical confirmation for the reliability of the model, and also demonstrates that the high uncertainties 
do not impede the interpretation of the quantitative results.  
Another way to demonstrate the added value of the technique presented here, is to compare it to classification 
schemes for geological storage potential, such as the pyramidal presentation [3] or the tri-axial one [4]. These 
systems provide a ranking that indicates the reliability of estimates and provide some qualitative guidance for how 
different storage numbers should be compared. Our approach goes much further, and actually succeeds in providing 
quantitative estimates that can be readily compared or summed to regional totals. The uncertainty can directly be 
judged from the uncertainty range.  
Additionally, the estimates are practical capacities (in the sense of Bachu et al [3]) which means that they 
correspond to the true geologically available potential, which is a number that can readily be understood by a public 
without exploration background, such as policy makers. This also makes it possible to objectively compare 
reservoirs that are not know to the same level of detail (e.g. reservoirs with theoretical, effective and practical 
capacities).  
10. Conclusion 
The practical capacities that were calculated show that the storage capacity of Belgium is moderate to low 
compared to its neighbouring regions. The prob 
ability that the practical storage potential exceeds 1Gt is small. From a storage cost of around 10€/t and higher, it 
is predicted with near certainty that geological storage options for CO2 can be found in the Belgian subsurface. The 
physical limits are reached at around 15€/t, and further increasing the price for stored CO2 does not lead to an 
increased storage potential. At the physical limits, the practical storage is estimated at an annual capacity of 15Mt/y 
(95% C.I.: 3 to 35Mt/y) and a total capacity of 620Mt (95% C.I.: 150 to 1400Mt).  
A careful theoretical evaluation shows that the method applied is valid, with minor reservations towards the 
uncertainty range. A practical evaluation is more difficult, but two elements support its results. The theoretical 
capacity for CO2 storage in Belgium was estimated at 1Gt, which perfectly corresponds to the practical capacities 
that are deduced from the method presented here. A more striking argument is that when the practical capacities are 
fed into a techno-economic full-chain CCS simulator, the resulting area that is highlighted as the most promising 
one for CO2 storage corresponds neatly to the area that is actively explored for CO2 storage options.  
The application of this innovative approach on the situation in Belgium demonstrates that making reliable 
practical storage estimates in poorly explored areas is feasible. Repeating this exercise at European scale would 
provide the insights in the distribution of the storage potential that are currently lacking.  
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